Sewage sludge (SS) is a complex mixture of potentially toxic compounds, which may affect the environment. Many methodologies are being implemented in order to assess the risk that SS may cause after the exposition, but usually they rely on chemical analyses that cannot predict their toxicological impact. Therefore, biological systems are essential in such studies. The aim of this study was to estimate the effect of 3 types of SS filtrates: sludge from primary clarifier, sludge from aeration tank and sludge from thickened sludge tank after flocculant addition. In order to thoroughly investigate SS cytotoxicity, we proposed different biological models: Aliivibrio fischeri, Escherichia coli, Candida albicans and LN-229 glioblastoma cell line. Obtained results indicate that SS3 was the most toxic against A. fisheri, but tests conducted with the use of E. coli and LN-229 human cell line showed the higher toxicity of SS1. Different toxicity of analyzed filtrates in different biological models could be explained by differences in applied model structure, metabolism and life requirements. Therefore, the reuse of SS should be conducted with caution, and it is important for the SS to undergo a specific remediation process before introducing them into the environment.
Introduction
People produce huge amounts of waste and residues that are deposited in the environment every day. Sewage sludge is a semi-permanent residue whose global production is millions of tons per year. According to the data of the Central Statistical Office [1] , in 2017 in Poland, 1025.2 thousand t of dry mass of sewage sludge (SS) were produced. Although their composition is diverse, this residue consists mainly of organic matter and macronutrients, which makes it an interesting material for the regeneration of agricultural soil. A significant increase in the production of sewage sludge causes their application in the agricultural area to be their alternative use and is an important option to recycle these residues rich in organic matter. However, it should be mentioned that these wastes may also contain large amounts of persistent toxic compounds that are capable of bioaccumulation in living organisms. Such compounds may be for example heavy metals, polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), dioxins, etc. After these compounds get into the environment, they may threaten the microflora present in soils, surface and underground waters, and subsequently,
Methods

Sample Processing
In the present study, sewage sludge (SS) from Wastewater Treatment Plant (WWTP) in Białystok (Poland) was used. Three types of SS were analyzed: SS1-sludge from primary clarifier (primary sludge), SS2-sludge from aeration tank (activated sludge) and SS3-sludge from thickened sludge tank after flocculant addition. Analyzed types of SS were filtered through the membranes with 0.22 µm porosity three times in order to prevent microbiological contamination of LN-220 cell line, bacterial and fungal cells. The obtained aqueous extracts from each sample were used for further analysis.
Sewage Sludge Filtrates Characterization
The pH of sewage sludge filtrates was determined by potentiometric method using Metler-Toledo pH-meter. Electrolytic conductivity (EC) was determined in filtrates by using HACH LANGE Multiparameter. The total organic carbon (TOC) were determined in Multi N/C 3100 Analytik Jena. The heavy metals (Cd, Cr, Cu, Ni, Pb, Zn) were analyzed by ICP analyzer (Agilent Technologies 8800 Triple Quadrupole ICP-MS). During ICP-MS analysis an internal standard is used for each sample. Multi Analyte Custom Grade Solution, ANALITYK-169 in the concentration of 500 ppb was applied. Hf (Hafnum), Nb (Niobium), Ge (Germanium) were monitored (Table 1) . Extraction and enrichment of analytes was performed using solid phase extraction technique with SPE columns contained octadecyl, Supelclean LC-18 SPE Tube, 500 mg, 6 mL, Supelco. The columns were conditioned by washing two times with 3 cm 3 of methanol, subsequently two times with 3 cm 3 of a water-methanol mixture (9:1, v:v). Next, 4 cm 3 of sample was introduced into the prepared column without vacuum. The flow was set at a speed of 5 cm 3 /min, the vacuum was turned on and the sample (100 ml) was passed through the column. Then the column was washed with 3 cm 3 of methanol-water mixture (1:1, v:v) and dried under vacuum for 20 min. PAHs were eluted from the column with 5 cm 3 of dichloromethane. The eluate was concentrated under an inert atmosphere (nitrogen) to a volume of 500 µL and analyzed on GC-MS TripleQuad. Supelco's Phenanthrene-d10 solution was used as an internal standard, recovery rate at 89%. Selected 16 PAHs (naphthalene, acenaphthylene, acenaphthene, fluorine, phenanthrene, anthracene, fluoranthene, pyrene, benzo (a) anthracene, chrysene, benzo (b) fluoranthene, benzo (k) fluoranthene, benzo (a) pyrene, indeno (1, 2, 3-cd) pyrene, dibenzo(a,h)anthracene, benzo(g, h, i)perylene) in sewage sludge filtrates samples were determined by using gas chromatography with detection by mass spectrometry (GC-MS) according to ISO 18287:2008 [13] . The standards of analyzed PAHs were obtained from AccuStandard ® , Inc. New Haven, USA. All samples were analyzed in triplicate.
Reagents
Dulbecco's modified Eagle's phenol-red free medium (DMEM), containing glucose at 4.5 mg/mL (25 mM), penicillin, streptomycin, trypsin-EDTA, FBS and PBS (without Ca and Mg) were provided by PAN Biotech. MTT reagent and Mueller Hinton II Broth were purchased from Sigma-Aldrich. Municipal sewage sludge was obtained from Wastewater Treatment Plant in Białystok, Poland.
Microtox Toxicity Test
The ecotoxicity analysis was conducted in accordance with the PN-EN ISO 11348-3: 2008 standard [14] . The Aliivibrio fischeri luminescent bacteria (previously known as Vibrio fischeri) were exposed to three types of SS filtrates.
The luminescence measurement was performed using Microtox ® Model 500 analyzer (Strategic Diagnostics Inc., Newark, USA), based on the manufacturer's procedure. In the first stage of toxicological study the screening test was used. If the sample showed toxicity in the screening test, "81.9% Basic Test" at a later stage was applied. This test was indicated by the manufacturer and it requires serial, twofold dilutions. Toxicity assessments were made after 5 and 15 min. Omni 4.1 supporting computer software with a standard log-linear model was used to calculate the effective concentration values (EC 50 ) of the tested samples.
Before performing the Microtox Basic Test ® , the samples were appropriately prepared for the assays. Sodium chloride solution was used to adjust the osmotic pressure of the samples to approx. 2%.
In order to determine the toxicity of SS filtrates the calculated values of the EC 50 were converted into units of acute toxicity (TUa) according to the procedure specified for liquid phase calculation:
The obtained TU a values of the liquid phase were classified into specific toxicity classes according to the criteria proposed by Persoone ( Table 2 ) [15] . 
Microbial Strains
Escherichia coli (ATCC 25922) and Candida albicans (ATCC 10231) were obtained from the American Type Culture Collection (Wirginia, United States). They are model bacterial and fungal strains used in standard antimicrobial tests. E. coli (Gram negative bacteria) and C. albicans (yeast) were grown overnight in Mueller Hinton II Broth (Sigma Aldrich) at 37 • C and 27 • C, respectively. Next day, the overnight cultures were diluted in fresh MH II Broth to obtain 10 8 CFU/mL for bacteria and 10 6 CFU/mL for yeast. For the antimicrobial activity estimation, E. coli inoculum was 10 6 CFU/mL. The inoculum of C. albicans was 10 4 CFU/mL.
Method of Determining Antimicrobial Activity
The determination of antimicrobial activity of the tested SS filtrates was performed using broth micro-dilution method. The procedure involves preparing two-fold dilution method of the tested filtrates in a liquid growth media (MH II Broth) dispensed in 96-well plate. Details of the method Water 2019, 11, 2353 5 of 13 has been described by Balouiri et al. [16] . The concentration range of the SS filtrates was from 0.10 to 50%. The prepared plates with E. coli and C. albicans suspensions were incubated at 37 • C and 27 • C, respectively, for 24 h. After intended time of incubation O.D. 600 was estimated using microplate plate reader GloMax ® -Multi Microplate Multimode Reader. The antimicrobial activity of SS filtrates was presented as a degree of analyzed bacteria and fungi growth inhibition or stimulation after 24 h as compared to the control (without SS filtrates) and expressed as a percentage of control untreated cells (%). All the experiments were done in triplicates.
Cell Culture
The effect of selected types of municipal sewage sludge was examined in LN-229 glioblastoma cell line, which was obtained from American Type Culture Collection (ATCC). Cells were maintained in DMEM supplemented with 10% FBS, penicillin (100 U/mL), and streptomycin (100 µg/mL) at 37 • C in a humified atmosphere of 5% CO 2 in air. Adherent cells (2 × 10 4 cells/mL) in 200 µL of culture medium were incubated with or without the test compounds in tissue culture 96-well plates spectrophotometry measurements. Cytotoxicity was estimated at selected types of SS filtrates concentration of 0.5%, 1%, 1.5%, 2%, 2.5%, 5%, 10%, 15%, 20%, 25%. The incubation time was 24 h.
Estimation of Tested Types of Municipal Sewage Sludge Filtrates Cytotoxicity
Selected types of SS filtrates were stored in a refrigerator at temperature 4 • C. The compounds were added to the cultured cells for a final concentration in the range of 0.5%, 1%, 1.5%, 2%, 2.5%, 5%, 10%, 15%, 20%, 25%. The control cells were incubated without the test compounds.
Tested types of SS filtrates cytotoxicity were measured using the method of Carmichael using 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) [17] . LN-229 glioblastoma cells were seeded in 96-well plate at a density of 2 × 10 4 cells/well. Cells cultured for 24 h were treated with 3 types of SS filtrates. After 24 h, cells were washed 3 times with PBS and subsequently incubated with 10 µL of MTT solution (5 mg/mL in PBS) for 2 h at 37 • C in 5% CO 2 in an incubator. Subsequently, 100 µL of DMSO was added and cells were incubated in the dark for the next 2 h. The absorbance was measured at 570 nm in a microplate plate reader GloMax ® -Multi Microplate Multimode Reader. The viability of LN-229 glioblastoma cells was calculated as a percentage of control cells, incubated without tested compound. All the experiments were done in triplicates.
Statistical Analyses
A two-way analysis of variance (ANOVA) was used to compare the action of three types of sewage sludge filtrates and its concentrations on the viability of human cells and on the number of E. coli and C. albicans strains. Significant effects between the sewage sludge filtrates were estimated by Tukey's Honestly Significant Difference (HSD) post hoc test at p < 0.05. Differences between the concentrations of the sewage sludge filtrates and control were assessed by Dunnett's test, where: * for p < 0.05, ** for p < 0.01 and *** for p < 0.001.
Results
Sewage Sludge Filtrates Characterization
The main properties of analyzed SS filtrates are shown in Table 3 . In this study the highest pH value was noticed for SS3 filtrate. SS1 filtrate was characterized by the highest level of EC and TOC-1620 µS/cm and 94.17 mg/L, respectively. In turn, the content of metals such as Cu, Zn, Ni and Cr was the largest in SS1 filtrate, while Cd and Pb in SS2 filtrate. The sum of 16 PAHs was the highest in SS1 filtrate, while in SS2 and SS3 filtrates it was at the similar level (Table 3) . 
Antimicrobial Activity of Municipal Sewage Sludge Filtrates
Based on the screening tests carried out using Microtox ® Model 500, it was found that filtrates SS1 and SS2 did not show toxicity (Table 4 ). For SS3 filtrate the dilution test (81.9% Basic Test) was performed. The obtained results were converted into the unit of toxicity-TUa = 2.75. The results were in the range of 1 ≤ TUa ≤ 10, and thus, SS3 filtrate was characterized by significant toxicity.
According to the toxicity classification system (TCS) proposed by Persoone, obtained filtrate from the sludge during compaction on the press showed significant acute toxicity. Substances that support the dewatering process may have affected this result. The effluents from this process are directed to re-treatment and may affect the biological life of activated sludge.
The obtained results showed different effects of tested SS filtrates, which are produced in various stages of wastewater treatment ( Figure 1 and Table 4 ). For E. coli, the significant stimulation effects (28%, p < 0.05) of analyzed SS filtrates were observed for SS1 filtrate at the concentration of 0.1%. The highest significant inhibition effect for E. coli growth was presented after application of SS1 filtrate in doses of 6% (p < 0.01), 25 and 50% (p < 0.05), and amounted 89%, 67% and 71% respectively. SS2 filtrate had a significant inhibitory effect (p < 0.01) in concentration of 12.5%, whereas the SS3 filtrate decreased the growth of E. coli at 50%. Regarding C. albicans strain, the highest significant inhibitory effect (38%) was estimated in 50% concentration of SS1 filtrate.
Cytotoxicity of Municipal Sewage Sludge Filtrates
Analyzed parameter was studied using MTT proliferation assay. Incubation time was 24 h. The obtained results are presented in Figure 2 and Table 4 . The highest increases in LN-229 cell viability were observed under the influence of SS1 filtrate in the lowest concentrations. Treatment with 0.5% solution of SS1 filtrate caused an increase by about 25% as compared to control untreated cells, and 1% solution of SS1 filtrate treatment resulted in an increase of approximately 32% as compared to control untreated cells. It should be also mentioned that 1.5% and 2% solutions of SS1 filtrate caused increases in analyzed cells viability by about 20% as compared to control. Higher analyzed concentrations of SS1 filtrate did not cause significant changes in relative cell viability. Comparing three types of studied SS filtrates, it can be stated that the highest activity revealed SS1 filtrate. SS2 and SS3 filtrates demonstrated higher stimulatory activity in lower concentrations, and SS2 filtrate was more efficient in cancer cells growth stimulation than SS3 filtrate.
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Figure 2.
Cell viability results using MTT assay for LN-229 glioblastoma cells exposed to three different types of SS filtrates (SS1, SS2, SS3) for 24 h calculated as a percentage of control, untreated cells. The same letters indicate insignificant differences between SS filtrates for analyzed cell line, assessed by Tukey's test (p < 0.05). * p < 0.05, ** p < 0.01, *** p < 0.001 represent significant effects between treatments and control followed by Dunnett's test.
Analysis of Different Biological Assays
Results obtained for cytotoxicity analysis in different biological assays are depicted in Table 4 . Obtained toxicity results indicated that SS3 was the most toxic filtrate against A. fisheri luminescent Figure 2 . Cell viability results using MTT assay for LN-229 glioblastoma cells exposed to three different types of SS filtrates (SS1, SS2, SS3) for 24 h calculated as a percentage of control, untreated cells. The same letters indicate insignificant differences between SS filtrates for analyzed cell line, assessed by Tukey's test (p < 0.05). * p < 0.05, ** p < 0.01, *** p < 0.001 represent significant effects between treatments and control followed by Dunnett's test.
Results obtained for cytotoxicity analysis in different biological assays are depicted in Table 4 . Obtained toxicity results indicated that SS3 was the most toxic filtrate against A. fisheri luminescent bacteria. On the other hand, tests conducted with the use of E. coli and human glioblastoma LN-229 cell line showed the higher toxicity of SS1 filtrate. 
Discussion
Sewage sludge is a specific mixture of many types of chemical compounds, a large part of which may be toxins. Therefore, it can exert influence on living organisms, especially if it is introduced into the soil as a fertilizer [18] . The toxicological relevance of unknown pollutants of different origin in sewage sludge samples underscores the growing need for biological and bioanalytical analysis in order to complete chemical analysis [19, 20] . According to Tewari et al. chemical analyses, in addition to high costs and labor consumption, cannot predict complicated, toxicological effects that chemical mixtures present in a sediment sample may cause. That is why the use of biological methods is absolutely necessary. They can offer the prediction of the toxicity of complex mixtures of many compounds [21] . The most commonly applied assays are based on in vitro studies, in vivo experiments and in situ exposure [22] . Usually preliminary studies regarding toxicity of an environmental sample begin with cytotoxicity analysis, which includes cell or bacteria-based assays. In vitro assays may consist of simple cytotoxicity analysis, genetic engineering methods, analysis of receptor interactions, biomarker studies and very complex and sophisticated metabolomics methods [23] . In vitro assays are an excellent tool for detecting unknown properties of selected chemicals or a mixture of compounds, which could be contained in sewage sludge. As compared to in vivo assays, in vitro analyses are characterized by higher efficiency and possibilities for faster screening [22] . Moreover, they are useful for analysis of specific mechanisms of action under the influence of selected environmental samples, but the results cannot be directly extrapolated to organisms and ecosystems. This is due to the fact, that in vitro analyses do not consider processes within the whole organism and many factors, which are present in the ecosystem and may influence the final result. Cytotoxicity assays, which were also conducted in our experiment, are based on the estimation of cell viability, cell proliferation or cell number, after an intended time of incubation with analyzed samples. The relative viability of cells could be measured by using membrane integrity assays (neutral red assay, lactate dehydrogenase assay), optical density analysis (cell density), caspases activity (markers of apoptosis), energy level analysis (MTT, MTS, resazurin, ATP generation), photosystem II inhibition in algae cells or luminescence of luminescent bacteria, e.g., A. fischeri [11, 23] . The most important and widely used standard in ecotoxicological analysis is marine type of bioluminescent bacteria A. fischeri. It has been employed for the studies of toxicity of different chemicals and environmental samples for decades [24, 25] . According to Leme et al. and Sommaggio et al., human cell lines are also an effective and essential test model for the evaluation of toxic potential of many different contaminants. Many studies have been conducted with a variety of mammalian cell lines to estimate the possible cytotoxic effect of environment pollutants [26, 27] .
We decided to perform cytotoxicity analysis by using selected bacterial strains, fungal and human cell models. Our experiments were based on the use of A. fischeri, E. coli, C. albicans and human glioblastoma LN-229 cell line. Our results indicate differences between applied models response to the treatment. SS3 filtrate demonstrated the highest level of toxicity against A. fischeri of all analyzed filtrates. This result varies from those obtained for E. coli, C. albicans and LN-229 cell line, which presented the highest toxicity for SS1 filtrate. Observed differences could be caused by different composition of analyzed filtrates obtained at specific treatment stages. An especially important factor may be flocculants added to the sewage sludge at the stage of dehydration in WWTP. A. fischeri bacterial strain is of marine origin, and therefore, it may be more sensitive to added flocculants than E. coli or C. albicans. Therefore, SS3 filtrate is more toxic to A. fischeri than to other analyzed models. The fact that, used in experiments, luminescent bacteria of marine origin requires higher level of salinity may explain its low sensitivity to SS1 filtrate. This filtrate was characterized by the highest EC level. Similar results were obtained by Blaha L et al. [24] . The lower concentrations of analyzed filtrate caused an increase in bacterial cell viability, but higher concentrations were characterized by inhibitory activity. In the case of C. albicans, only inhibitory activity of tested filtrates was observed. An inhibitory effect of SS1 filtrate may result from higher amount of the analyzed potentially toxic chemical compounds. In our study, it was determined that SS filtrates contained a large amount of copper and zinc and organic matter. Such results are comparable to the data from the studies of Milik et al., where copper and zinc were registered as chemicals released in the highest quantities [28] . Copper and zinc compounds are considered as chemicals with the highest ecotoxicity potential for air and water; lead and nickel posed a considerable risk for human health [29] [30] [31] . Regarding PAHs content, a significant amount of the studied compounds was observed in SS1 filtrate, as compared to SS2 and SS3 filtrates. Moreover SS1 filtrate is a raw type of sludge and therefore it may contain a large amount of hazardous chemicals dissolved in effluent. This may be connected with the significantly higher toxicity of SS1 filtrate for selected microbial and human cells.
Sewage sludge is a potentially toxic mixture of chemical compounds, which may contaminate soil and groundwater after its application in agricultural areas, causing environmental and human health problems. There are scarce data in the literature regarding the analysis of cytotoxicity of SS filtrates, but available data regarding cytotoxicity of landfill leachate enable us to apply similar methods. The use of in vitro models in the analysis of toxicity of different environmental matrices, such as sewage sludge, is more recent, but growing interest in this field has been observed [32] . Selected human cellular models represent human organs, which could be potentially damaged by xenobiotics exposure. They could be also used for the analysis of the mechanisms of action after the incubation with environmental pollutants. SS filtrates could be toxic, cytotoxic, genotoxic, mutagenic and cancerogenic towards human cells and these phenomena may be observed and estimated by treating cells with low concentrations of SS filtrates, which confirm a serious threat of this wastewater to human health and the environment [33] . Obtained results indicate possible cancerogenic properties of SS1 filtrate presented as an increase in cancer cell proliferation after exposure time. Chemical compounds present in SS filtrates could be potentially toxic to bacterial strains after exceeding a certain level, and they may cause a decline in microorganism growth. Various model organisms are characterized by different level of sensitivity to the environmental contaminants. E. coli is considered as a sanitary indicator of environmental pollution; therefore, it was used as an experimental model in our study [34] . Both E. coli and C. albicans are present in human digestive tract, from where they may enter wastewater, SS and, subsequently, into the environment. In our experiment, we tried to estimate if SS filtrates are toxic against analyzed bacteria and fungi, and if they could reduce amount of microorganisms in final product in WWTP or after the application of SS into the environment.
The MTT test was performed with 10 different concentrations of three types of filtrated SS. According to this test results, only under the influence of SS1 filtrate an increase in cancer cell number was observed. Zegura et al. observed that effluents from municipal wastewater treatment plants were not cytotoxic in relation to HepG2 human cancer cells. These effluents contained direct acting genotoxic contaminants, which were inactivated by the metabolic activity of HepG2 cells [35] . Our results indicate that SS1 filtrate stimulated cancer cells growth more efficiently than the other analyzed types of sewage sludge filtrates. It may result from its different chemical composition, in which toxic and organic compounds are present in higher amounts than in SS2 and SS3 filtrates. Chemical composition of analyzed filtrates differs from one another because of technological processes of their treatment in wastewater treatment plant. Therefore, we conclude that sludge from primary clarifier (primary sludge) has possibly carcinogenic compounds, and it should be applied with great caution. Higher concentration of analyzed SS filtrates did not cause any significant changes in cell viability, but it cannot be excluded that they do not exert any influence on metabolic activity of glioblastoma cells. An observed increase in cancer cell viability under the influence of SS1 may be caused by an increase in oxidative stress level, which results from the presence of heavy metals, such as Ni, Cd, Pb and Cr. Glioma cells growth stimulation after the exposition to selected metals was already observed by Shaligram et al. and Watt and Hooper [36, 37] . Results obtained by Shaligram et al. indicated an increase in cell viability under the influence of lower Cu concentrations. Therefore, they concluded that soluble form of selected metal (Cu) may be essential for glioblastoma and neuroblastoma cell proliferation, which is in agreement with our results. Soluble salts of analyzed metals may also induce an increase in oxidative stress level, which subsequently stimulate cancer cell proliferation, as we observed. According to literature data, reactive oxygen species participate in the proliferation of tumor cells, after the initiation stage caused by the activity of mutagens. It has been shown that an extremely high level of oxidative stress is toxic especially for normal, healthy cells, but on the other hand, a moderate increase in oxidative stress level increases cancer cell proliferation and, therefore, participates in tumor development [38, 39] . However, since we did not directly measure parameters of oxidative stress, we cannot conclude if SS exposure is causing oxidative stress in the tested cell line. It should be also mentioned that copper level could be elevated in several types of cancer, which may mean that selected metals are essential for cancer cells growth and development. This results from the fact that, according to Yu et al., copper deprivation inhibits tumor angiogenesis and growth [40] . We observed a connection between an elevated copper level in SS1 and the stimulation of cancer cell viability.
It should be noted that sewage sludge and its filtrates are the complex mixture that may also contain other toxic substances such as PAHs, residues of drugs, pesticides and endocrine-disrupting chemicals (EDCs) [6] . On the one hand, organic complexes with heavy metals are less available for microorganisms and, therefore, can be less toxic, but they may also be used as carbon source necessary to bacteria and fungi growth. This process can release metals and introduce them into the cell metabolism and into the environment [34] .
Conclusion
Summarizing, in this study we presented the results of preliminary experiments regarding the analysis of chemical composition and cytotoxic activity of three types of SS filtrates obtained from the local WWTP. In the biological part of the experiment, three different bioassays were applied in order to show possible differences in the responses to such a complex, environmental matrices as SS filtrates. Presented results indicating various levels of toxicity of analyzed filtrates in different biological models may be explained by differences in applied model structure, metabolism and life requirements. Bacteria and human cell-based tests are more helpful than simple chemistry analysis in defining bioactivity and potential risk of the reuse of SS in the agricultural area. However, it would be worth considering further analysis of SS filtrates' toxicity by using the other models, such as algae and plant. Compared to animal model, they offer faster screening possibilities and are a more economical source of data connected with potential effect on human health. The application of different cellular models-bacteria, fungal and human cells-could be considered as a complex strategy for future research not only on SS but also on different environmental matrices. 
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